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If^ \ We have constructed a specific supersymmetric flipped SU(5) GUT model in which 

bilarge neutrino mixing is incorporated. Because the up-type and down-type quarks 
in the model are flipped in the representations ten and five with respect to the usual 
\ SU(5), the radiatively generated flavor mixing in squark mass matrices due to the large 

■ neutrino mixing has a pattern different from those in the conventional SU(5) and SO(IO) 
. supersymmetric GUTs. This leads to phenomenological consequences quite different from 
I SU(5) or SO(IO) supersymmetric GUT models. That is, it has almost no impact on B 

<y ' physics. On the contrary, the model has effects in top and charm physics as well as lepton 

■ physics. In particular, it gives promising prediction on the mass difference, AMd, of the 
[ D — D mixing which for some ranges of the parameter space with large tan P can be at the 

I ' order of 10^ h s~^, one order of magnitude smaller than the experimental upper bound. 

In some regions of the parameter space AMd can saturate the present bound. For these 
r~| , ranges of parameter space, t ^ u,c + hP can reach 10~^ — 10~^ which would be observed 

^ \ at the LHC and future 7 — 7 colliders. 

; 1 Introduction 

In recent years great progresses have been made on the flavor physics. Atmospheric neutrino [1] 
and solar neutrino [2] experiments together with the reactor neutrino [3, 4] experiments have 
established the oscillation solution to the solar and atmospheric neutrino anomalies [5, 6, 7]. 
The solution tells us that neutrinos have masses and mix with themselves in the propagations, 
i.e., they oscillate [8, 9, 10]. The recent result from the super-K collaboration and the combined 
analysis on the solar neutrino experiment result and the KamLAND experiment result give the 
best fit points [5, 6] 

Am^g = 2.5 X 10-3 eU^ sin^ 2^23 = 1-0; 

Am?2 = 7.3 X 10-5 eU^ tan^ 612 = 0.41; (1) 

where Amfj = ml.—ml^ is the mass squared differences of the neutrinos in the mass eigenstates 
(possible signs neglected here), and 6ij are the two- neutrino mixing angles. 612 is for the solar 
neutrino oscillation and 623 is for the atmospheric neutrino oscillation. Moreover, the CHOOZ 
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experiment made a constraint on the ^13 for the mass differences observed in the atmospheric 
and solar neutrino experiments [4] 

Isin^^ial <0.16. (2) 

Understanding these masses and mixings is a challenge. The smallness of the masses can 
be understood via the see-saw mechanism [11]. Namely, the heavy right-handed Majorana 
neutrinos, whose masses violate the lepton number symmetry, simply decouple in the low energy 
physics and give very small lepton number violating effects in the low energy phenomena, 
which are the extremely small Majorana masses of the left-handed neutrinos. The present 
experiments allow three typical solutions to the neutrino masses: the degenerate case with 
mi ~ m2 ~ ma ~ 10~^eV; hierarchy case with mi <^ 1712 ~ y^Aml^, m2 <^ ~ yAm|^; 

inverse hierarchy case with ma <C mi ~ m2 ~ y^Amla. 

In view of the beautiful picture raised by Weinbcrg-Wilczek-Zee-Fritsch (WWZF) [12] that 
the small quark mixing in the CKM matrix is related to the large quark mass hierarchy, people 
feel challenged a lot by the presence of the neutrino bilarge mixing. Some people worried that 
we should have degenerate mass matrix to understand it. However, in the WWZF scenario only 
the symmetric mass matrix is used. If allowing asymmetric form for the mass matrix which for 
example may well be generated by the elegant Froggatt-Nielsen (FN) mechanism [13], we can 
accomodate the large mass hierarchy with large mixings [14]. If one works with an effective 
theory, e.g., the minimal supersymmetric Standard Model together with right-hand neutrinos 
(MSSM-I-N), at a low energy scale (say, the electro- weak scale), one can content oneself by 
using the WWZF scenario to understand the smallness of quark mixing, and the see-saw and 
FN mechanism to understand the largeness of neutrino mixing. However, if one works with 
a theory, e.g., a grand unification theory (GUT), in which quarks and leptons are in a GUT 
multiplet, one has to answer: can we explain simultaneously the smallness of quark mixing and 
the largeness of neutrino mixing in the theory? If we can, then what are the phenomenological 
consequences in the theory? There are several recent works to tackle these problems in SU(5) 
or SO(IO) GUTs [15, 16, 17, 18, 19, 20]. 

As known for a long time in the framework of the supersymmetric see-saw mechanism, we 
are able to predict the lepton flavor violating (LFV) effects [21, 22]. The flavor structure in 
the neutrino Yukawa couplings can be transformed to the soft SUSY breaking masses of the 
left-handed sleptons which then give implications on the fi ^ e'-f and t ^ fi,e + ■ ■ ■ processes. 
In the models of the grand unification theory, e.g., in SU{5) or 5*0(10), quark fields are unified 
with leptons in the representations of GUT gauge group, and from the lepton Yukawa couplings 
we are able to get the flavor mixings in down-type squark mass matrix [23, 15, 17, 20]. These 
flavor mixings are something beyond those described by the CKM mixing and can give the 
interesting phenomenological implications for the Kaon and B meson physics. This approach 
has recently been used in SUSY SU(5) and SO(IO) GUTs which incorporate the bilarge neutrino 
mixing and can give the significant phenomenological predictions if the bilarge neutrino mixing 
is from the lepton Yukawa couplings [15, 17, 20]. 

In the present paper, we address the problems in the supersymmetric fiipped SU (5) model. 
As we know, the fiipped SU{5) unification model has several advantages: (i) SU{5) x U{1) is 
the minimal unified gauge group which provides neutrino masses; (ii) without high dimension 
Higgs representations; (iii) the natural splitting of the doublet and triplet components of the 
Higgs pentaplets and consequently the natural avoidance of dangerous dimension-5 proton 
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decay operators; and (iv) the natural appearance of a see-saw mechanism for neutrino masses. 
Furthermore, in the context of 4-dimensional free fermionic string model-building, at level one 
[k = 1) of the Kac-Moody algebras [24], one can only obtain the Standard-like Model [25], the 
Pati-Salam Model [26] and the flipped SU{5) model [27], because the dimensions of Higgs fields 
in the spectra are smaller than that of the adjoint representation. Of these, only flipped SU (5) 
actually unifies the non-abelian gauge groups of the Standard Model (SM). And a prohferation 
of U{1) factor is the norm. 

We show that the fcrmion mass hierarchies and the mixings of quarks and leptons can all 
be well accommodated in the flipped SU{5) model. Moreover, because in flipped SU{5) the 
up-type and down-typ quarks are flipped in the representations ten and five with respect to 
the usual SU(5), the one loop radiative corrections to sfermion masses have a pattern different 
from those in SU(5) or SO(IO) and consequently different phenomenological implications. We 
find that in flipped SU (5) new effects appear in top and charm physics, in addition to lepton 
physics, and no effects in B physics, which is a novel feature quite different from the usual 
SU(5) and SO(IO) GUTs and can be tested by incoming experiments. 

The paper is organized as follows. In section II, after a brief review of the flipped SU{5) 
model, we construct a specific model in which the bilarge mixing can be accomodated in the 
Yukawa couplings as well as the fermion mass hierarchy and the quark mixing. We will then 
discuss the radiatively corrected SUSY breaking soft terms with universal SUSY breaking at 
the Planck scale. In section III, we discuss the phenomenological consequences of our model. 
Section IV is devoted to conclusions and discussions. Finally, some conventions in MSSM-I-N 
are given in Appendix A, and the renormalization group equations (RGEs) in MSSM-I-N and 
flipped SU(5) are given in the Appendices B and C, respectively. Throughout the paper we 
assume no CP violating phases appearing the leptonic sector to simplify the discussion. 



2 Flipped SU(5) Model and the Flavor Structure 
2.1 The Flipped SU{5) Model 

In this subsection, we would like to briefly review the Flipped SU{5) [29, 30] and construct 
a specific fiipped SU(5) model. The gauge group for fiippcd SU{5) model is SU{5) x U{l)x, 
which can be embedded in SO{10) model. We can define the generator U{1)y' in SU{5) as 



ru(iv=diag^--,--,--,-,-j. (3) 



The hyper charge is given by 



Qy^I {Qx - Qy') . (4) 



There are three families of fermions with the following SU{5) x U{l)x transformation pro- 
perties 

F,= (10,l), /,= (5,-3), l'i = {l,5), (5) 
where i = 1, 2, 3. As an example, the particle assignments for the first family are 

Fi = (Qi, D'i, m), A = (t/r, Li), II = El. (6) 
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Q and L are the superfields of the quark and lepton doublets, D'^, and N are the 
CP conjugated superfields for the right-handed up-type quark, down-type quark, lepton and 
neutrino. 

To break the GUT and electroweak symmetries, we introduce two pairs of Higgs represen- 
tations 

H = (10, 1), (10, -1), h= (5, -2),h= (5, +2). (7) 

We label the states in the H multiplet by the same symbols as in the F multiplet, and for H 
we just add "bar" above the fields. Explicitly, the Higgs particles are 

H = {Qh, D^h, Nh), H= {Qh, Dh Nh), (8) 

h = {Dn, Dh, Dh, H,),h= {Dj,, Dj^, Dj,, H2). (9) 

We also add one singlet S. 

To break the SU{5) x U{l)x gauge symmetry down to the SM gauge symmetry, we introduce 
the GUT superpotential 

Wgvt^ XiHHh + X2HHh + S(HH - M^). (10) 

There is only one F-fiat and D-fiat direction, which can always be rotated along the Nh and Njj 
directions. So, we obtain that < >=< Ng >= My. In addition, the superfields H and H 
are eaten or acquire large masses via the supersymmetric Higgs mechanism, except for Djj and 
D'^. And the superpotential XiHHh and X^HHh combine the D'jj and 5^ with the Dh and 
Dj^, respectively, to form the massive eigenstates with masses Ai < Nh > and A2 < Nfj >■ So, 
we naturally have the doublet-triplet splitting due to the missing partner mechanism. Because 
the triplets in h and h only have small mixing through the /j, term, the higgsino-exchange 
mediated proton decay are negligible, i.e., we do not have dimension-5 proton decay problem. 
The singlet S can have GUT scale mass and decouple in the low energy theory. 
The SM fermion masses are from the following superpotential* 

WVukawa = ^FiiY.ohFjh + Fi{Y^)ijffh + l'i{Y,)ijfjh + fihh + ^Fi{YR)ijFjHH. (11) 

After the SU(5) x U{l)x symmetry is broken down to the SM group, the superpotential gives 
WssM = DtiY^ohQjH, + U^{Yz)jiQjH2 + E^{Y,)iLjH, + NiiY^i^L^H^ 

+I1H1H2 + -{MN)ijNiNj + ■■■ (decoupled below Mgut)- (12) 
Thus, at the Mqut scale we have 

Yu = Yi, Yd = Y,o, Yn = Y^, Ye = Y,. (13) 

*In popular flipped SU(5) models one usually introduces more singlets and constructs a renormalizable 
superpotential. Here instead we introduce a non-renormalizable term to give the right-hand neutrino masses in 
order to avoid introducing more fields. 
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The right-handed neutrino mass matrix is given by Yr. 

Assuming the right-handed neutrinos arc heavy, they decouple at the low energy scale. 
After we integrate out the right-handed neutrinos, the left-handed neutrino Majorana masses 
are given by 



Wm., = ^{Y{Y^'Y,),jL,LjH,H, . (14) 



Thus, if (YRjssMy/M^ ~ 10^^ GeV, we obtain the correct r neutrino (ur) mass implied by the 
atmospheric neutrino oscillation experiment because the r neutrino (z/^) Dirac mass is equal to 
the top quark mass at the GUT scale due to Eq. (13). In addition, the left-handed neutrino 
Majorana mass matrix, which is symmetric, can be taken to be arbitrary because the Majorana 
mass matrix Yr for the right-handed neutrinos is arbitrary. 

We can see from Eq. (11) that the up- type quark Yukawa matrix is the transpose of the 
neutrino Dirac Yukawa matrix and the down-type quark Yukawa matrix is symmetric. Because 
in the superpotenyial Wssm, the up-type quark mass matrix, the lepton mass matrix and 
the symmetric left-handed neutrino Majorana mass matrix are arbitrary, we can generate the 
correct SM fermion mass matrices, the CKM matrix and the neutrino mixing matrix, although 
the down- type quark mass matrix is symmetric. 

To be concrete, we present a realistic sample for the SM fermion mass matrices in the 
Flipped SU (5) model which accomodates the bilarge neutrino mixing. The discussion will be 
made without considering the CP violating phases, as noted in Introduction. 

The ratios of the masses at the GUT scale [31] are 

m„ : rric rrit : : 1 , (15) 

md : rus rrib : : 1 , (16) 

rrie : : ~ : : 1 . (17) 
where A = 0.22. And the CKM matrix is given by 




VcKM - -A 1 AM . (18) 
V-A^ -A^ 1 J 

In the hierarchy case, we can estimate the ratio of the neutrino masses 



^ Am 



2 

atm. 



where e' is about 0.2 according to Eq. (1). The neutrino mixing matrix can be parametrized 
in the standard way 



U 



I C12C13 S12C13 sise"*''" 

-S12C23 - Ci2S23Si3e*''i3 C12C23 - Sl2S23Sl3e*'^" S23C13 | , (20) 
V S12S23 - Ci2C23Si3e*''i3 -C12S23 - Si2C23Si3e*''i3 C23C13 
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where Cy — cos 6ij, Sij — sin 6ij, and ^13 is the CP violating phase which is taken as zero as 
those Majorana phases in our discussion, as we noted in the Introduction. In view of Eq. (2), 
one has C13 > 0.98, then, to a good approximation, one has 



/ C12 

U = 




*12 ^12 _l_ /OiN 

V2 V2 v/2 h ^^^^ 

where C23 = S23 = C13 — 1, and S12 < C12 with $12 ~ 33° are globally consistent with all 
neutrino experiments known so far. 

The up-type quark Yukawa and the neutrino Dirac Yukawa couplings can take the following 
form 

/A^ A^ An 

Yu = {Y^f ~ A^ A^ AM , (22) 

Va^ a^ 1 J 

the down-type Yukawa coupling takes the symmetric form 

A^ 0\ 



YDr^y.l A^ 
001; 

and the lepton Yukawa coupling Ye can take the form 



(23) 



^/2 



/ V2aX^ V2bX^ V2e\^ 

-6A2 aX^ A2 I , (24) 
\ b —al 



where -|- 6^ = 1, e is smaller than one. In the base where the charged leptons are mass 
eigenstates and assuming that the same unitary matrix U makes both the lepton mass matrix 
and the left-handed neutrino Majorana mass matrix diagonal, we obtain 

sin^iaRie, tan^i2~-, tan^23 = 1- (25) 

a 

The bilarge neutrino mixing, Eq. (21), follows if e < 0.16, b and a are both of the order one 
and b < a. The prediction on ^13 heavily depends on the non-diagonal entries in the left- 
handed neutrino Majorana mass matrix since we would like to get a small ^13. Because the 
right-handed neutrino mass matrix is arbitrary, as noted above, an appropriate form of the 
right-handed neutrino mass matrix can be taken to maintain the relation of ^13 in Eq. (25). 
The left-handed neutrino Majorana mass matrix, Eq. (14), is given for the flavor fields Ua, 
a — e,ii,T. By the unitary transformation U given in Eq. (21), we obtain the left-handed 
neutrino masses which can have mass hierarchy as 

rriiy^^ : rrii,^ : ruy^ ~ e" : e' : 1, (26) 

where the mass eigenvalues uiy^ and consequently e" and e' are determined by the matrix 
(Yg^y^^ls) ( see Eq.(14) ) with Y^ = Yu. In order to get e" < e' ~ A, the eigenvalues, M^^, of 
the right-handed neutrino Majorana mass matrix should have a hierarchy as large as 

Mjv2 : ~ A^ : 1 (27) 
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which for the M^^ ~ lO^^-^^ GeV gives M^, ~ lO^-^^ GeV. 

In the above discussions, the hierarchies in fermion mass spectra are obtained due to the 
hierarchies in Yukawa couplings. An elegant mechanism to understand this fermion mass hi- 
erarchy problem is the Froggatt-Nielsen mechanism [13]. However, the U{1) global symmetry 
is not enough to generate the correct fermion masses, CKM matrix and neutrino mixing ma- 
trix. So, we need to consider the larger global symmetry, for instance, SU{2) x C/(l) family 
symmetry. This is out of the scope of this paper and we will not consider it here. 

Before proceeding, a remark is in place. The presence of the non-renormalizable operators 
might affect the predictions based on the renormalizable Yukawa couplings in Eq. (11). In our 
model, we do not have the dimension-5 non-renormalizable operators which can give the SM 
fermion masses except the operators which give the right-handed neutrino Majorana masses. 
There are dimension-6 non-renormalizable operators, for example, 

W^np = -^>^W^mmH + -^XUFMfAHh)], (28) 

which can give the down- type quark masses A|^- ^^^2^" dRj d u and the neutrino Dirac 
masses . < iVg > < jVg > ^ respectively. However, the effects from the dimension-6 non- 

renormalizable operators can be safely neglected if taking the cutoff scale of the theory high 
enough. For instance, taking M^, = Mpi implies that their effects are suppressed by MQjjrp/M'j,i a; 
10~^. So, the predictions described in Eq. (25) are not affected by these operators ^. Although 
there are also RGE effects on the mixing matrix, as observed for the normal hierarchical case, 
the RGE effects are mild [32] . In this paper, we will therefore use the mixing matrices estab- 
lished in the low energy phenomena above the see-saw scale. 

We conclude for this subsection that the bilarge neutrino mixing can be well accomodated 
in the lepton Yukawa couplings in the flipped SU(5) model. The point is that for flipped 
5'f/(5) model, the up-type quark mass matrix and the lepton mass matrix are arbitrary, and 
the symetric Majorana mass matrix for left-handed neutrino is arbitrary after the right-handed 
neutrinos decouple. Therefore, although the mass matrix for down-type quark is symmetric, 
we do have enough degrees of freedoms to produce the correct GUT scale SM fermion masses, 
CKM matrix and neutrino mixing matrix. 



2.2 One Loop Radiative Corrections of Sfermion Masses 

In order to establish notations and see where the difference of phenomenological consequences 
between the flipped and conventional SU(5) comes from, let us first illustrate a little on how 
the flavor changing terms arise in the supersymmetric theories. In this and next subsections, 
we shall use some useful conventions and definitions in the Minimal Supersymmetric Standard 
Model (MSSM) plus the right-handed neutrino fields (MSSM-^N) given in Appendix A. In 
MSSM-I-N, the superpotential can be written as follows 

WssM = Dt{Yn\,Q,H, + Ut{Yu)^,Q,H2 + E^{Ye).,LjH, 

^Thc dimcnsion-5 operators can have larger effects. We have used one to generate the right-handed neutrino 
masses. More operators, hkc {Fifj^)FjH /M^ and (FiH){fjffi)/M^, can appear if we introduce one pair of Higgs 

= (5,3) and = (5,-3) under SU{5) x U{l)x- However, one may reintroduce the dimension-5 proton 
decay operators via the higgsino exchange. So, we are not going to consider this possibihty. 
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+N,{Y^),^L^H2 + fiH,H2 + -{M^),,N,Nj. (29) 

H2 and Hi are the Higgs doublets which give the Dirac masses to the up-type quark (neutrino) 
and down- type quark (lepton), respectively. Assuming the universal SUSY breaking at high 
energy scale, we can get the radiative corrections to the mass of squark doublets, (see 
Appendix A for the convention), with the following form [28] 

Sml oc YiYu + yIYd. 

This just tells us that two couplings of Q in the Eq. (29) both contribute. After the electroweak 
(EW) symmetry breaking, gives m^^ and m\)^. CKM mixing in the charged current 
interaction is obtained after diagonalising Yjj and Yd. Typically for the left-handed quark 
fields, the diagonalization is concerning Y^Yu and Y^Yd- As can be seen clearly we will have 
misalignment between the quark and the squark mass matrix. Transforming for example the 
down-type squark fields simultaneously with the down-type quarks can diagonalise Yj^Yj:, but 
can not diagonalise mq. Similarly for the up- type squarks. Thus, we have 

5(mlJ,j (X {K^ylK),j ^ K*,y^Ksj. (30) 

where yu and yo are the diagonalised Yukawa couplings and K is the CKM matrix, is 
the mass squared written in the super- CKM base in which Yu,d,e are all diagonalised and the 
sfermion fields are transformed simultaneously with the fermion fields (see Appendix A). In the 
super-CKM base, we can sec directly the extra fiavor structures in the off-diagonal terms of 
these soft SUSY breaking masses. One of the main features of these corrections is that they are 
proportional to the corresponding flavor changing CKM matrix element. Typically 5{m^^)ij is 
given by the third column of the CKM matrix and 5{m\) )ij is given by the third row. 

Similar story happens in the flipped SU{5) model. As can be seen in Eqs. (11) and 
(13), Yu and Ye come seperately from the Yukawa couplings of flvc representation to the ten 
representation and of the flve to the singlet representation. Since these two couplings both 
give the SM fermion Yukawa couplings, after transforming to the super-CKM base we can 
similarly get S{mij^)ij and S{rfi^^)ij radiatively corrected by the different elements of the same 
matrix. The story is different with the conventional SU{5) embedding. In the conventional 
SU{5) theory 10 = {Q,U^,E^), 5 = (£'^ L) and 1 = A^. Yd and Ye both come from the 
Yukawa couplings of flve representation to the ten representation. We have 5{m\)^)ij and 
S(jn%^)ij being radiatively corrected by the coupling of flve to the singlet representation which 
is basically the Yukawa coupling of the right-handed neutrino. Consequently S{m.jj^)ij and 
(5(m|; )ij have similar dependences on the same matrix. Thus, what happens in the flipped 
SU{5) is not quite similar to what happens in the conventional SU{5) theory. And we have 
new phenomena in the charm and top quark physics, which will be discussed in detail in the 
next subsection and section III. 

2.3 Low Energy Implications 

We can deflne the SUSY breaking soft terms for the multiplets of the flipped SU (5) model as 
follows 

-AC = F:{ml),,F, + JlimDif^ + inm%,^ + mlh*h + mlhl 
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+ 



+ F,{Y-^),Jfi + lt{Y^%f^h + ^Bhh 



+]^M^\^\^ + ]^Mx\x\x + h.c]. (31) 

A5 and \x are respectively the gaugino fields of the S'f/(5) and U{l)x gauge groups. M5 and 
Mx are the gaugino masses. At Mqut scale, the matching conditions are 

vA _ (vA\T _ \rA \rA _ \rA \rA _ \^A 

— l-'S / ' D — -'^10; -'^AT ~ -"S ' E — -'1 

m% = ^?o> = {t^IoY, rnfj = (m|)^, mi = m|, m| = (m?)^. (32) 

h et.al refer the scalar part of the corresponding superfields. 

Similar to that in the MSSM, we do have m| corrected by the presence of two Yukawa 
couplings, and Yi. 

Sml <x ciY-^Y^ + = c,{YuY^f + C2Y^Ye. (33) 

ci,2 arc coefficients. Again similar to what happend in the MSSM, Yg and Yi give masses 
to the different SM fermions, i.e., the up-type quarks and leptons. The diagonalisations are 
concerning YuY^ for the right-handed up-type quark and Y^Ye for the left-handed lepton 
fields. The resulting extra fiavor structures in the sfermion mass matrices of right-handed up- 
type squarks and sleptons depend on the different elements of the same matrix. The results 
are detailed in the Appendix C. According to them, we can get the mass insertion parameters 
for the corresponding off-diagonal mass terms. Mass insertion parameter dij is defined as 
S^j = Mf^/Mj, where M| is the averaged mass squared of the i and j diagonal entries of the 

mass matrix of /. As an example, we have 

{5rr)i2 « -0-01 I.. 12.:':" U^o/I.. ,2^ (Ml3l/r(M23, (34) 



3m2 + 




2 


iMi 

' 2 


2(l + 0.16mg 


/|Mi 





In the expression, wc have approximated (^^/^^ ~ 6|Mi p -|- {i — 1,2 and f = U) and 

{'n^E^L jijjjj ~ + nT'o- D-term contributions after the EW symmetry breaking have 

been neglected in the estimate. We have also taken In .jif* = 10 for the estimate which means 

that M, = 3 X lO^^GeV ^ Mpi for Mqut = 2.0 x lO^^GeV. For Sf^ wc have included the 
contributions from the RGE running between the Mqut scale and the Mjy scale shown in the 
Appendix B. We see that the corrections to can be quite large if the relevant entries in t/jv 
can be of order one. 

We can see clearly that typically probes the third column of the matrix U^, and 
probes the third row of Un- Similarly for t^f^ and S^^^. Notice that to have sizeable effects for 
the S^ji, we need large tan f3 because it is corrected by the presence of lepton Yukawa couplings. 
We can classify three typical scenarios by noticing that Un = Vl Ve 



L ■ 
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(i) Neutrino mixings are all from and we can take U — Uj^ (see Eq. (A. 7) for compar- 
ison) . 

(ii) Only the atmospheric neutrino mixing comes from U n and off-diagonal entries of the first 
row and first column of C/jv are all small and negligible; 

(iii) No large off-diagonal entries in C/jv and large mixing angles come from V^^ and M^. 

The first possibility is supported by our discussions in the last subsection which can give the 
interesting phenomenological predictions. We will concentrate on the first case and comment 
on the second and the third one in the last section of the paper. 

For scenario (i), we have 

(Ck oc^3.^3„ ('^Dsfc oc (36) 

{SE^h oc UisU;,, ((5f^)fc3 oc UksU*,, i^j,k^3. (37) 

As expected, the corrections are concerning the right-handed squark and the left-handed slep- 
tons. As we know, elements in the third row of the matrix U are of the same order because of 
the bilarge mixing, then we have 

l(Ol2| ~ - l(023|. (38) 

In addition, in the case of large tan/5 for which y^- and yt are of comparable magnitudes we 
have the following features for the moderate vaules of Mi , mo and Aq: 

(a) (5^^)jj is of order 10~^ and (5fj,)23 is of the order of lO"-*^; 

(b) (5f^^)23 is further suppressed by the VEV, Vi = vcosf3, and is of the order 10~^ — 10~^ 
depending on the sfermion mass spectrum and is of the same order as {Sljijak', 

(c) (^ll) 13,12 and (5^^)13 are further suppressed by the presence of the small magnitude of 
C/13 (or C/e3). 

3 Phenomenology 

3.1 Lepton Flavor Violation 

Satisfying the precision — > 67 constraint 

Br{n 67) < 1.2 X 10-^\ (39) 

puts order 10~^ upper bound on (5f^)i2 and order 10~^ upper bound on {6f^)i2 [33, 34]. For 
moderate values of Mi, mo and Aq, they correspond to having \Ue3\ ^ 10~^. For the scenario 

discussed in the section 2.1, they correspond to having e ^ 10~^. We can simply satisfy this 
constraint by assuming Ue3 = S13 = in the matrix U. Similar thing happens to r — > e -|- • • • 
processes. 
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Since the {6^1)23 is at the order of 10~^, we are able to get the promising prediction on 
T fi'-f through the tan/3 enhanced contributions [16, 18]. A rough estimate in the mass 
insertion [18] shows that 

X . 7 /1000 Gel/\4 /tan/3\2 
Br{T ^ /.7) ft. 4. X 10-^ X — j x [-^) , (40) 

for mo = 1 = 2 1 Ml I . The prediction is close to the present 1.1x10^^ upper bound [37]. In the 
formulae, mf is the average mass of the r and sleptons. And we have used Mjvg = 5.4 x 10^^ 
GeV to get 771,^3 = 0.05 eV. If taking for example \Aq\ — 6\Mi \ and mo = 2|Mi| (see Eq. 
(34)) which are in the region allowed by the constraints from the relic density of cold dark 
matter as well as {g — 2)^ and b 57 [39], the (5^^)23 can be at the order of one. This will 
make Br(r /X7) beyond the experimental upper bound. However, as pointed out in ref. [40], 
there are some regions of parameter space where partial cancellation between contributions of 
Feynman diagrams happens. The cancellation can reduce Br(T — > /I'j) significantly, e.g., by a 
factor of 10"^ — 10~^, depending on sparticic mass spectrum. Therefore, in these regions (5f^i)23 
of order one and a low mass spectrum (say, below 1 TeV) are allowed by the upper bound of 
Br(r ^ /X7). 

3.2 B Physics 

B meson physics has been able to put good constraint on 6^^^ to the order 10~^ [33, 

34]. These flavor changing structures contribute mainly through gluino loops. There are also 
processes, e.g., b —>■ sj, b d{s)l~^l~ , B — > and Bd,s — Bd,s mixing for which chargino 
loops contribute a lot. Let's figure out which entries in 5^ are relevant to B physics. First of all, 
{S^Rjij {i 7^ 3) arc always irrelevant to the processes because the couplings involved with the 
right-handed up-type squarks are proportional to the Yukawa couplings and their contributions 
can be neglected because of the small up and charm Yukawa couplings. Due to the same reason 
for the relevant entries are (5£r)i3,23, which refer that the right-handed stop is propogating 
in the loop and give us large top Yukawa in the vertex. 

Since flipped SU{5) gives predictions on (5^^^)31,32 and 5^^, not on (5^^^)13,23 and S^i^, we 
do not have strong predictions on the B physics. This is a nice feature of the model. If flipped 
SU{5) could give 10"^ prediction on (5/^/j)i3, the double-penguin contributions to the B^ — Bd 
mixing would easily be as large as the SM prediction [35]. Without these extra flavor mixing 
entries, we simply go back to the conclusion made in [35]: the AM§^ / AM§^ can be of order 
1 while AMf-^/AMj^ ~ ^AM|'^/AM|^ and can satisfy the experimental bounds. Here 
means the mass difference given by the double-penguin diagram and AM^^ is the mass 
difference given by the SM. 

3.3 D-D Mixing 

In the SM, the flavor changing transitions involving external up-type quarks, which arc due to 
effective flavor changing neutral current (FCNC) couplings generated at loop level, are much 
more suppressed than those involving external down-type quarks. The effects for external up- 
type quarks are derived from the virtual exchanges of down- type quarks in a loop for which GIM 
mechanism [36] is much more effective because the mass splittings among down-type quarks 
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are much less than those among up-type quarks. In the SM model, D — D mixing is extremely 
small and highly GIM suppressed by the factor ml/rn^{KusK*^)'^{oi order 10~^) which makes 
the SM prediction of order of 10^^s~^(the contribution from the bottom loop is smaller because 
of the smaller CKM mixing) . 

However, the GIM mechanism is in general not valid in SUSY theories. In the scenarios of 
the minimal flavor violation for which flavor mixings are described by the GKM mixing, the 
SUSY contribution is suppressed by the degeneracy of the first and second generation squark 
masses and is of the same order of the SM contribution. However, with the misalignment 
of quark and squark mass matrices in a general SUSY theory, a sizeable (5Ki?,LR)i2 can have 
significant effects on the D — D mixing through the gluino box diagram. The prediction on the 
mass difference, AMj), is proportional to {SnY for the CP conserving case. The present upper 
bound [37] from the GLEG collaboration 

AMi5 < 7 X 10^° h 95% GL (41) 

has been able to put a 10~^ — 10~^ constraint on {5Y^l,rr,lr)'^2 [38] depending on the squark 
and gluino mass scale. 

In the framework of the constrained MSSM with for example gravity-mediated SUSY break- 
ing at the high energy scale, we have indeed the radiatively generated misalignment in the quark 
and squark mass matrices as shown in Eq. (30). However, the relevant is too small because 
it is corrected by the small entries of the CKM matrix (actually for this entry the contribution 
from the strange quark Yukawa coupling is larger but still too small to be interesting). 

In the flipped SU{5) model as we discussed in the subsection 2.2, bilargc neutrino mixing 
can give 10~^ right-handed up-type squark mixing and from which we can get 

^r, -,.9 (1000 GeV)2 /tan/5\4^ 
AMd ~ 0.7 X 10^ X ^ . — ^ X h s-\ 42) 

m| V 50 / 

if assuming tuq = \Aq\ = 2\Mi \ which means m'^/m'^ ^0.6. m? in the unit GeV^ is the averaged 
right-handed up and charm squark mass squared, and rrig is the gluino mass. We have used the 
data in Eq. (1) as inputs. Typically our prediction is one or two orders of magnitude smaller 
than the present bound which will be accessible at the GLEO-c and BES-III experiment. 

As shown in the subsection 3.1, the prediction on Br(r — > nj) is close to the present bound. 
Although AMf) has different dependences on the mass spectrum and tan/5 than Br^r fi^y), 
we may expect that the present upper bound on AM^ is hard to be reached in quite a large 
part of the parameter space. In the Fig. 1, we show the correlation between the Br{T — > /ij) 
and AMd in the model. We used the mass insertion approxiamted formular [16] to calculate 
the tan/3 enhanced Br(r ii'y). We used 200 GeV < mo, \Mi\, \Ao\ < 1.2 TeV and 10 < 
tan/3 < 60. One can see that AM^ can reach 10^ hs~^ consistent with the constraint on 
Br{T — >■ /X7). There are also some points for which AM^ can reach 10^° h and Br{T fi'-f) 
is smaller than the experimental bound by a factor of 10~^ — 10~^, which corresponds to 
the case of cancellation discussed in subsection 3.1. In the plot, we have included the 2a 
constraints 0.0002 < Br{b 57) < 0.00045, Aa^/^^ < 32 x 10"^°, and the 90% CL constraint 
Br{Bs A*"*"/^") < 2. x 10~^. Although these observables are also sensitive to large tan/3, 
they are actually not quite important for the model under study simply because the strong 
prediction on Br{T /i7) in quite a large part of the parameter space has constrained the 
mass spectrum to be around 1 TeV and makes other constraints easily satisfied. 
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Figure 1: The correlation between the Sr(r n'y) and AM^ for the parameter space 200 GeV < 
mo, |Mi I, l^ol < 1.2 TeV, and 10 < tan/? < 60. The constraint Br(r /xj) < 1.1 x 10-^(90% CL) 
has been put. 

3.4 Top Physics 

In the SM, the tc transition rate is also very much GIM suppressed. The FCNC top quark 
decays, for example, t ^ cV {V = ■y,Z,g) and t —>■ ch^, have branching ratios 



Br{t ^ C7) ~ 5 X 10~^^ (43) 

Br{t -^cZ) - 1 X 10-^^ (44) 

Br{t ^cg) ~ 4 X 10"^^ (45) 

Br{t ch°) < 10"^^ (depended on m^o), (46) 
which are unobservablly small [41, 42]. 



In SUSY theories, GIM mechanism is in general not valid and sizeable {S^jilr)23 can have 
significant effects on the FCNC top to charm transition due to the gluino-mediated contributions 
(SUSY-QCD contributions). For t ^ cV (F = 7, Z, g) and t ^ ch {h ^ hP , A^) decays, 
as pointed out in Ref. [43], by changing 5^ by 3 orders of magnitude the branching ratios 
increase by 6 orders of magnitude due to the quadratic dependence of the branching ratios on 
the mixing coefficients. Typically for 5^ ~ 0.4 and a light sparticle spectrum around 200 GeV, 
one can get 

Br{t^ch) ~ 10-^ (47) 
Br{t^cg) < 10-^ (48) 

In the SM t u processes are also GIM suppressed and have negligible predictions. The 
radiatively induced t ^ u,c couplings by the new physics beyond the SM can be probed by the 
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top decay processes. Among them t ^ u,c + h*^ can be probed by the top decay, t —>■ u,c + g 
couphngs can be probed by the single top production processes at the Tevatron or LHC: 

qq^u,c + t, gg u,c + t. (49) 

There are also direct top quark production processes 

ug —>■ t, eg ^ t. (50) 

For the tug coupling, LHC can reach the sensitivity equivalent to branching ratio Br{t ug) ~ 
10~^. And for the teg coupling, LHC can reach the sensitivity equivalent to branching ratio 
Br{t eg) ~ 10"^ [44]. For t^ c,u + h°, LHC can reach order 10~^ branching ratio at 3a [44]. 

Our predictions on S^jij^^ji are typically of the order 10~^ for moderate soft SUSY breaking 
parameters which is not large enough to have significant effects and to be observed at the LHC. 
In particluar, according to Eq. (38) the present D — D mixing constraint makes (S^r lr)^'^,^! 
also constrained in the model under study. However, in some regions of the parameter space, as 
pointed out in subsection 3.1, we can saturate the D — D mixing constraint and have observable 
FCNC effects for the top quark physics. In particular, the t ^ u, e + processes are able to 
reach 10~^ — 10~^ branching ratio which can be observed at LHC for 100/6~^ of integrated 
luminosity. 

^RR,LR can give rise to new contributions to more processes in top physics. For instance, 
they will have sizeable effects on t — > c, m + processes. These top quark FCNC couphngs 
can also be probed in top and charm associated productions at linear and 7 — 7 colliders [45] . 

4 Conclusions and Discussions 

In summary, we have constructed a specific supersymmetric flipped SU(5) unification model in 
which bilarge neutrino mixing is incorporated in the lepton Yukawa couplings. Non-renormalizable 
operators have been introduced in the superpotential at the GUT scale in order to generate the 
right-handed neutrino Majorana masses. The effects of other non-renormalizable terms on the 
low energy implications can be safely neglected by taking the theoretical cutoff scale to be the 
Planck scale. The universal supersymmctry breaking is assumed at the Planck scale. Because 
the up-type and down-type quarks in the model are fiipped in the representations ten and five 
with respect to the usual SU(5), the radiatively generated flavor mixing in the squark mass 
matrix due to the large neutrino mixing has a pattern different from those in the conventional 
SU(5) or SO(IO) supersymmetric GUT. This leads to the phenomenological consequences quite 
different from SU(5) or SO(IO) supersymmtric GUT. The left-handed slepton mixing is induced 
by the up-type quark Yukawa coupling which is not suppressed when tan/3 is small. The ex- 
perimental bound on — > 67 can be safely satisfied by taking 6*13 small enough. When tan (3 is 
large the branching ratio of the r ^ /i7 is predicted to reach the present experimental bound 
with a mass spectrum around 1 TeV. Sizeable radiative corrections happen also to the right- 
handed up-type squark mass matrix if tan/3 is large ( ^ 30). This radiatively generated fiavor 
mixing has almost no impact on B physics. On the contrary, it has effects in top and charm 
physics. Because of the special feature of the ffipped SU (5) model, the flavor mixing involving 
the first generation up-type squark is never suppressed by small ^13. In the conventional SU{5) 
model satisfying the // — > 67 constraint makes the SUSY prediction on the K — K mixing 
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negligible. However, similar thing never happens in the flipped SU{5) model. In particular, 

we have shown that the radiatively generated falvor mixing can give a promising prediction 
on the D — D mixing. That is, for moderate values of the soft SUSY breaking parameters, 
AMd is of one order of magnitude smaller than the present experimental upper bound. Be- 
cause Br{T — * /X7) and AMd have different dependences on the mass spectrum and tan/3 they 
are basically complementary observables to test the supersymmetric theory. For the predicted 
squark flavor mixing, t u,c + can reach 10~^ — 10~^ branching ratio. In some regions 
of the parameter space AMjj can saturate the present bound. For these ranges of parameter 
space, t ^ u,c + hP can reach 10^^ — 10~^ which would be observed at the LHC and future 
7 — 7 colliders. However a light spectrum is basically required by having sizeable effects on the 
top quark FCNC processes. So the top quark FCNC processes are probably hard to be found 
at LHC for the scenario (i) that we have concentrated on in the paper. A detailed analysis 
including all the relevant experimental constraints is needed to make a deflnite conclusion on 
the discovery potential of rare top decays at LHC. Moreover the model has effects in FCNC D 
meson decays such as D ^ p(7r)7, which is worth to be examined. 

For the scenario (ii) in which only the atmospheric neutrino mixing is accommodated in the 
Yukawa coupling, we only have sizeable predictions on the (5rk')23,32, (<^Li?)32 ^^iid (5f^)23. In 
principle {Si^iiLR)z2 can be quite large (even order one) if we have very large Aq. However, as 
happened for the scenario (i) the r — > + 7 would limit them to be smaller than order of 10~^ 
in quite a large part of parameter space and consequently make the rare top FCNC decay hard 
to be observed at the LHC. We need detailed calculations to say deflnitely on the discovery 
potential. 

The scenario (iii) is not interesting ioi D — D mixing and Top quark FCNC. However it may 
still be interesting for the physics of the lepton flavor violation[18] . The point is that by involving 
a low mass spectrum the 1/m^ dependence of the branching ratio, as shown in Eq. (40), can 
compensate part of the suppression given by a small off-diagonal entry in C/^v- Typically with 
an order of 10~^ off-diagonal entry and a low mass spectrum as for example mi ~ 200 GeV, 
Br{T 1U7) can still reach 10^*^ and be accessible in the near future experiments. 

In the paper, we did not consider the possible Majorana phases in the discussions. These 
phases, which have no effects in the neutrino oscillation experiments, can indeed give effects 
on the radiative corrections to the squark and slepton mass matrices and lead to CP violating 
effects in the low energy phenomena, e.g., the CP violating effects in the lepton physics, D — D 
mixing and the top quark decay processes. It is possible that these phases can contribute to 
the electric dipole moment of the electron, muon and neutron [46] and are of much interests. 

The flipped SU{5) model can be embedded in the 5*0(10) model and we would have similar 
implications on the flavor physics if SO{10) takes the breaking chain through the flipped SU (5). 
We leave this for the future work. 
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Appendix A: Some Conventions in MSSM+N 

The soft SUSY breaking terms are written as 



+L*{mi)ijLj + mjj^HlHi + mij^HlH2 + 



\ (A.1) 



+D*{Y^)ijQjH, + E*{Yi)ijLjHi + N,{Y^),fL^H2 + B^JiH^H2 + h.c. 

and the gaugino masses are 

- A£ = ]- (Ml Ai Ai + M2A2A2 + M3A3A3) + h.c. , (A.2) 

where Q ct.al refer to the scalar parts of the corresponding superfields. Aj(i = 1,2,3) are the 
gaugino fields for t/(l)y, SUi^w and 5't/(3)c groups. In the Appendices B and C, we list the 
one-loop RGEs in SUSY model with right-handed neutrinos. 

We can parametrize the Yukawa couplings in Eq.(29) as follows 

Yv = Vu.yuVl, Yd = Vd.VdVI^, Ye = Ve.VeV^^, Y^ = Vn^vnV},^. (A.3) 

Vuj^ et.al are unitary matrices and yu et.al are diagonal and real matrices. After the electroweak 
symmetry breaking due to the vacuum expectation values of the Hi and H2 fields 

we redefine the fcrmion fields to diagonalise the Yu, Y^ and Ye, and get the Dirac masses of 
the SM fermions. The CKM matrix is then obtained in the charged current interactions: 

K^VlVn,, (A.5) 

and we define 

Un = vI^Ve,. (A.6) 
The left-handed neutrino mass matrix in the interaction eigenstate is 

-A£ = -u^M^i^ + h.c. 

= vhin''/3V^Y^M];,'Y^VE^ = U*m,U\ (A.7) 

where = vl + V2 and tan (3 = V2/V1. Matrix U is the one responsible for the neutrino mixing. 

To see the extra fiavor mixing in the squark mass matrix, we redefine the sfermion fields in 
the same way as the corresponding fermion fields and be in the so-called super-CKM base: 

{Dl, di) ^ VdADl, dL), {Dr, dR) ^ Vd^{Dr, dR), 
{El, cl) ^ VeA^l. cl), {Er, cr) ^ Ve^Er, cr), (i>L, ^l) ^ VeA^u ^l)- (A.8) 
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Squark and slepton mass squared matrices will be denoted as in the super-CKM base. 
Trilinear terms will be denoted as y"^ (sec Eq. (B.17) for definitions). The six by six squark 
mass matrices relevant for the low energy phenomenology are 

M? = , f = U,D,E. A.9 

\ JLR JRR / 

Definitions of the relevant extries can be found in the Appendix B in which there are additional 
contributions from the SU{2)l x U{1)y D-terms after the electroweak symmetry breaking. 
Appendix B: RGEs in the MSSM+N 

RGEs are derived as follows 

dY 16 IS 
2^ = (y«3 + 3^2 + yai)^/ - ^{YuY^ + tT{YuY^))Yu 

-YuUYd - tr{YMYl)Yu, (B.l) 

2^ = (yas + 352 + - SiY^Yo + tr{YDYl))YD 

-YoYiYu - tr{YEYl)Yu, (B.2) 

2^ = (3(52 + 3ai)YE - SYeY^Ye - tr{YEYl)YE - YeY^Yn - 3tr{YDYl)YE, (B.3) 
at 



.dYi 



N 



dt 



= (3.52 + «i)yiv - ^Y^Y},Yr, - tr(yWF^)lV - Y^Y^Ye - StriYuY^)?^. (B.4) 



In the above formulae, we have a — a /An, Y — Y/An, t — ln{MQ^j,/Q'^). For the SUSY 
breaking soft terms, we have 

dY^ 16 13 16 13 

2-^ = (ya3 + 3^2 + -g^i)Yu + 2(ya3M3 + 3a2M2 + —aiMi)Yu 

-iYuY^Yjf - 6tr{Y^Y^)Yu - 5Y^Y^Yu - 3tr{YuY^)Y^ 

-2YuY^Y^ - Y^Y^Yd - 2triY^Y^)Yu - tr{YNYl)Y^, (B.5) 

dY"^ 16 7 16 7 

2-^ = (ya3 + 3^2 + gOti)Y^ + 2{—a3M3 + Sa2M2 + -aiMi)YD 

-4YdUYd - 6tr{Y^Y^)YD - ^Y^UYd - 3tr{YnYl)Y^ 

-2YnY^Y^ - Y^Y^Yu - 2tr{YiYl)YD - tr{YEYl)Y^, (B.6) 

dY^ 

^ ^ - (3(52 + 3ai)y^ + 2(3(52M2 + ?,aiM^)YE 



dt 



-AYEWi - 2tr{YiYl)YE - ^Y^yIYe - tT{YEYl)Yi 
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-2YeYI,Y^ - YiYl,Yj, - mr{Y^Yl)YE - 3ir(YcyJ)Y^, (B.7) 

(3(52 + 6ii)Y^ + 2(3a2M2 + aiMi)YN 

-AYnY},Y^ - 2tT{Y^Y}j)YM - ^Y^Y},Yn - triY^Ylj)?^ 

-2YMYlYi - Y^Y^Ye - Qtr{YjfY^)YN - 3tr{YuY^)Y^, (B.8) 

ifasmi' + faim\') - {YuY^^ml + mlYuY;^) 

-2{YumlYi + %Y}jm\^ + Y^Y^^ (B.9) 

-2{YDmm + YnYlmj,^ + Y^Y^^), (B.IO) 

16 1 
(-cialMal^ + 3a2|M2|2 + -ai\M,\^) 

-hYl%m\ + mlY}j%) - {Y^mlYu + Yl%m\^ + Y^^Y^) 



2 



-^(f^fz^ml + m|yif,,) - {yWdYd + I'^^'^ml,^ + Y^^Y^), (B.ll) 



-2(ivmiyj|, + y^y^m|^ + y^y#f , (b.i2) 



4ai|Mi|2 - (mly^yi + Y£;yim|) - 2{YEmlYl + yBY^ml,^ + Y^r^), (B.13) 



(3a2|M2|' + ai|MiH 

-^(F^yVmi + mlYlY^) - {Yl{m\f% + F^F^m^^ + Y^^Y^) 

— {YlYEml + miFir^) - {Y^mlYE + Y^YeiA^ + Y^^fi), (B.14) 

(3a2|M2|=' + ai|MiH 



-ir(yjy^m|^ + YlimlfYn + IVmiy^ + Y^Y^^), (B.15) 
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^ (2,a,\M,\' + a,\M,\') 

at 

-tT{YlYEm]j^ + flm|fs + YettiIyI + YiY^^). (B.16) 

In the super-CKM base, the Yukawa couphngs of the SM fermions are all diagonalised and 
generate the SM fermions in the mass eigenstates. The SUSY breaking soft terms in this base 
can be written as 

y§-ViY^Vu,, y^^VlY^Vo,, yi^VlYiVE,. (B.17) 

Trilinear terms are transformed similar to the Yukawa couplings. The left-handed neutrinos in 
this base are called as interaction eigenstate neutrinos. Together with the D-term contributions 
after the electroweak symmetry breaking, rn^ and give the mass matrices of sfermions, Eq. 
(A. 9), relevant to the low energy phenomenology. The entries in Eq. (A. 9) are 



~ _ 2 

^Uru = ^Ir + + Mlcos2l3{-sin'dw), 

^Lr = -^2(y^^ + /xcot/3yt;); (B.18) 
Ml^^ = ml^ +ml- Mlcos2(3{^ - ^sin'^i^), 

Mh^R = + ml- Mlcos2(3{^sin''9w), 



^D,R = -vi{y^' + iJiis.n(5yD)] (B.19) 
Ml^R = + Mlcos2Psin^ew: 

Ml^R = -<yE +f^tB.nPyE). (B.20) 

mu, TTiD and niE are the diagonal SM fermion mass matrices. 

Assuming the SUSY breaking is universal at Mqut scale, we are able to get the radiatively 
corrected SUSY breaking soft terms. At the first order, the radiative corrections given by the 
Yukawa and trilinear couplings are 

Siml^ = + IMVu^it, (B.21) 
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^Q^,{3ml + \Ao\')ylA,t, 



1 



1 



167r2 
2 

"l67r2 
1 

"l67r2 
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32^ 
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"32^ 
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"32^ 



Alt = In 



M] 



Ao\'){y!j + KylK^)A,t, 
{3ml+\Ao\'){K^y'uK + yl)A,t, 
{3ml+\Aof)ylAit, 

{3ml + I ^oH (2/1 Alt + U^ylUNA^t) = 6,ml^, 

[3yu{yu + tr{yfj)) + yuKylK^]Ait + yutr{y%)Ait 
A 3yD{yl + tr{yl)) + yoK^ylK + yDtr{yl)]A^t, 
Ao [y% + yEtr{yl) + 3yEtr{yl)]Ait + ysUly^UNAit 



GUT 



, Alt = Zn- 



'-GUT 

Ml ' 



B.22) 
B.23) 
B.24) 
B.25) 
B.26) 
B.27) 
B.28) 
B.29) 
B.30) 



where we assume the right-handed neutrino fields Ni decouple at the same scale. The above 
estimates are presented at the first order. A detailed analysis beyond the first order has been 
presented in [47] for MSSM. The results are in agreement with the quahtative expectations 
based on the first order approximation. In the model with the right-handed neutrino fields, 
similar conclusion can be obtained. 

Appendix C: RGEs in the Flipped SU{b) Model 
In the flipped SU (5) model, the RGEs are obtained as follows 



10 



(2Cio + Ch)a^Y^^ + (2Cfo + C^)axY^^ - 3Y^^Yl^Y^o 



dt 



Y^Y-lY,o + Y,,{Y-,Yi) 



3tT{Y^oYl)+tT{Y{Yl) 



^10) 



(C.l) 



dt 



3~ 



-"-Y^oYloYi - 3Y-,Y-lY-, - -Y.YlY^ - 2tr{Y^Y{)Y-,, 
(C5 + Ch)a^Y^ + (Cf + + C^)axYi 



dYi 
~dt 



(C.2) 
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-SY^Y^Y^ - 2Y,Y-^Y^ - ^ 



triY,Y^) + 3tr{Y,oY,o) 



Yi. 



Here we have t — In^ and the following Casimir operators: 



18 12yly9y5,^l 



(C.3) 



(C.4) 



0:5 and CKx are the gauge couplings of SU{5) and U{l)x gauge groups, respectively. For the 
SUSY breaking soft terms, we have 



dt 



dYl 
dt 



~2^^^^^o^^o + ^10^10 ^lo) ~ 2 



Y^Y^Y,o + Y,o{YfY, 



2tr{Y,iY|,)Y,o + tr{Y^oY^o)Y, 
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10 



(Cio + C5 + C;,)a5(^i^ + 2M5y5) + {C^o + + C^)o^x{Y^ + IMxY^) 

-Iy^Ay-^ - ^Y^y^^Y^ - ^y^W^ - ^M-Iy^ 



5-'5 -'S 



(C.5) 



dY^ 

IT 



^Y^Y^Y, - ysy^tyA _ 2tT{M-l)Y^ - Ut{Y^yI)Y, 



= (C5 + Ch)dc^{Y^^ + 2M5ri) + {Ci + C^ + Cf)dx{Y^^ + 2MxY,) 



-'^-YiY^Y,^ - yFi^y/Fi - 2yi^ygtr5 - 4yiyg^i^-^ 



triYiY^)?^"^ + 2tr(Ff 



-4Cioci5|M5|^ + 4Cfc|Mx 



mUY^Yif + {Y^YiYm 



\\T2 
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tr(Fioni))n^ + 2tr(n^yii3)yi 



t ^^^2 



1 



(C.6) 



(C.7) 



(C.8) 



ilY-^n + Yinml) - -{mlY^Y, + Y^^ 

(^2 \T<>_ ,vA]^A\ (vU^2\Tv ^v'^'^vM Av]v.^2 v]\^ ^-.2 



AC^a^\M^\' + ACtax\MxY - 2{miY-^Y, + Y^Y.mi) - -{m^lY^ + YlY^m'i) 



-mW^y Yl + Y-C'Y-^) - {Yl{m\y Y, + Y.^^Y,^) - ^YlY-,mi - YlY.ml (C.9) 



4a;,C,^|Mxr - \{{Y^YlYm\ + m?(YiY-/)^) 
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(C.IO) 



= 4C^a5|M5|2 + AC^ax\Mx\' - ?,tr[Y^Ami + 2Y^^m\^Yl^ + Y, 



t^2 



,2 V>t 



10-* 10 



-ir[riri^m^ + YimlYl + 1^' m^r; + YfY^ 



2v-t I vT^2-i>* , iyA^AU 



(C.ll) 



dm' 



^ = ACna^\M^\^ + 4C;f ax|Mx|' - 4tr[f5^Jm| + Y^mlY-l + if m^o^^* + Y-^ff]. (C.12) 



According to the above RGEs, we can estimate the first order radiative corrections to the 
SUSY breaking soft terms. Using Eqs. (B.17), (13) and (32), we can write them in the super- 
CKM base and see clearly the extra flavor structure. Assuming the universal SUSY breaking 
soft terms, mo for scalars. Mi for gauginos and Y"^ — AqY at the scale, we get the following 
corrections given by the Yukawa and trilinear couplings 

^ [3(3m^ + \Ao\^)yl + 2(3m^ + \Ao\^)K^ylK 



52ml^ 
S2rnl^ 

S2yi 
S2yi 



167r2 
1 

1 

1 

'l67r2 
1 

1 

167^ 
Aq 

'l67r2 

167r2 

_Ao_ 
'l67r2 



3(3m^ + \Ao\')KylK^ + 2(3m^ + \AoWu 



4(3m^ + lAo^ytj + (3m^ + {Aofp^^yluj, 



A2t, 



3(3m^ + \Aony'n + 2(3m^ + | AoH^^ ytjK*) 



{3ml + \MVe + 4(3mg + \Ao\'')UlfylUN Aat, 



5(3mo + \Ao\ )yEA2t, Sm^^ = Sitie^, 



^yuKylK^ + Qyf, + ^U*^ylUlyu + ^tr{yl)yu 



A2i, 



9yl + ?,{ynK^ylK + K^ylK*yn) + -(tr(y|) + 3tr(y^))i/^ 



92/1 + byEUlyfjUN + -(tr(|/|) + 3tr{yl))yE 



A2t, 



Ast = 



M2 



(C.13) 
(C.14) 
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(C.16) 
(C.17) 
(C.18) 
(C.19) 
A2t,(C.20) 
(C.21) 
(C.22) 
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